Opening of long-lived pores in the cell membrane is the principal primary effect of intense, nanosecond pulsed electric field (nsPEF). Here we demonstrate that the evolution of pores, cell survival, the time and the mode of cell death (necrotic or apoptotic) are determined by the level of external Ca 2+ after nsPEF. We also introduce a novel, minimally disruptive technique for nsEP exposure of adherent cells on indium tin oxide (ITO)-coated glass coverslips, which does not require cell detachment and enables fast exchanges of bath media. Increasing the Ca 2+ level from the nominal 2-5 μM to 2 mM for the first 60-90 min after permeabilization by 300-nsPEF increased the early (necrotic) death in U937, CHO, and BPAE cells. With nominal Ca
2+
, the inhibition of osmotic swelling rescued cells from the early necrosis and increased caspase 3/7 activation later on. However, the inhibition of swelling had a modest or no protective effect with 2 mM Ca 2+ in the medium. With the nominal Ca 2+ , most cells displayed gradual increase in YO-PRO-1 and propidium (Pr) uptake. With 2 mM Ca 2+ , the initially lower Pr uptake was eventually replaced by a massive and abrupt Pr entry (necrotic death). It was accompanied by a transient acceleration of the growth of membrane blebs due to the increase of the intracellular osmotic pressure. We conclude that the high-Ca
Introduction
Effects of intense nsPEF treatments in mammalian cells include permeabilization of the plasma membrane, endoplasmic reticulum (ER), and mitochondria [1] [2] [3] [4] [5] [6] [7] ; Ca 2 + uptake from the outside and release from the ER [2, 6, [8] [9] [10] ; destruction of the cytoskeleton [11] [12] [13] ; cell swelling and blebbing [14] [15] [16] ; and activation of signaling and cell death pathways [10, [17] [18] [19] [20] [21] . The cytotoxic effects of nsPEF have attracted particular attention as a novel and promising modality for cancer treatment [22] [23] [24] [25] [26] .
With the complexity of the cellular response to nsPEF, the mechanisms and specific pathways leading to cell death have only been partially understood. The early studies focused on the apoptotic response, and only recently early necrosis was reported by several groups as a separate or even a predominant mode of nsPEF-induced cell death [15, 18] . The primary cause of necrosis was the persistent plasma membrane permeabilization to small solutes (b1 nm), which resulted in the osmotic imbalance, water uptake, and cell swelling culminating in the membrane rupture. When the uptake of water was blocked by an isoosmotic addition of a pore-impermeable solute (sucrose [14] ), cells were rescued from the necrotic death, but nonetheless died later on by apoptosis [15] . However, the cause of the apoptosis in cells rescued from the necrosis was not identified. Ca 2+ signaling is critically involved, in many ways, in both the initiation and effectuation of the cell death (see [27] for review). Several studies pointed to the role of mitochondria and Ca 2+ increase in the initiation and execution of the nsPEF-induced apoptosis [3, 28] , and the increase in the cytosolic Ca 2 + is one of the best known nsPEF effects [2, 6, 8, 9, 29, 30] . In human pancreatic cancer cells, nsPEF caused Ca 2 + -dependent production of reactive oxygen species, indicating that overloading mitochondria with Ca 2 + and their destruction were part of the apoptotic mechanism [28] . Finally, cell lethality increased with increasing extracellular Ca 2 + for either nsPEF or conventional electroporation [31, 32] . The injection of Ca 2 + into a tumor prior to its electroablation ("Ca 2 + electroporation") has increased the treatment efficiency in animals and humans [31] . -mediated necrosis results from a delayed, abrupt, irreversible, and osmotically-independent expansion of pores in the cell membrane.
Materials and methods

Cells and media
We utilized suspension cells U937 (human monocytes), and adherent cells CHO-K1 (Chinese hamster ovary) and BPAE (bovine pulmonary artery endothelial). U937 and CHO cells were obtained from the American Type Culture Collection (ATCC, Manassas, VA) and propagated as described previously [1, 15, 33] . BPAE were a kind gift from Dr. J. Catravas (Center for Bioelectrics, ODU). They were grown at 37°C with 5% CO 2 in air in a low glucose DMEM with 10% fetal bovine serum (FBS), 100 IU/ml penicillin, 0.1 mg/ml streptomycin, and 2.5 μg/ml amphotericin B. The media and its components were purchased from Thermo Scientific (Waltham, MA), Sigma-Aldrich (St. Louis, MO), and Atlanta Biologicals (Norcross, GA). " medium). The samples were transferred into 1-mm gap electroporation cuvettes and exposed to 300 pulses of 300-ns duration, at 700 V amplitude and 10 Hz repetition rate from an AVTECH AVOZ-D2-B-ODA generator (AVTECH Electrosystems, Ottawa, Canada) as described earlier [15, 33] . Parallel controls were "sham" exposed. Immediately following either nsPEF or sham treatment, all samples were mixed with a 6 × volume of the same medium (0Ca 2+ or 2Ca 2+ ) and a 3×
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volume of an isoosmotic (290 mOsm/kg) water solution of either sucrose or NaCl [15] . As a nanopore-impermeable solute, sucrose was shown to prevent the osmotic water uptake in nsPEF-treated cells [14, 15] , thereby rescuing them from the osmotically-mediated necrosis. [15] . NaCl did not render such protection and served as a control for the equivalent dilution of the medium [15] . The samples in tested media (no Ca 2+ + sucrose; no Ca 2+ + NaCl;
2 Ca 2+ + sucrose; and 2 Ca 2+ + NaCl) were aliquoted into a 96-well plate at 100 μl/well and incubated at 37°C for 1 h. This time interval was chosen to allow either for electropore resealing, or for cell rupture due to the osmotic imbalance if (most) pores failed to reseal. Next, all samples were supplemented with 10 μl of FBS and 10 μl of RPMI properly enriched with Ca
2+
, in order to bring the Ca 2+ level in all samples to 2 mM. At 1.5, 4, or 24 h after nsPEF, 10 μl of the Presto Blue reagent (Life Technologies, Grand Island, NY) were added to the wells. After 1 h of incubation at 37°C with the reagent, the wells were scanned with a Synergy 2 microplate reader (BioTek, Winooski, VT), using excitation at 530 nm and detection at 590 nm.
Caspase 3/7 activity
We utilized a Caspase-Glo 3/7 Assay from Promega (Madison, WI) according to the manufacturer's instructions. The buffer compositions, exposure, and sample handling protocols were the same as described in the above Section 2.2. In 1.5, 4, or 24 h after nsPEF exposure, cells were aliquoted at 50 μl/well into a 96-well plate and 50 μl of CaspaseGlo 3/7 reagent was added. The luminescence was measured by the Synergy 2 reader after 40 min of incubation at room temperature.
A novel concept of nsPEF exposure of adherent cells: the use of indium tin oxide (ITO)-coated glass coverslips
Electroporation cuvettes are designed for cell suspensions, so adherent cells need to be removed from the substrate prior to nsPEF treatment. This step alters cell physiology and may affect the survival rate, along with the re-attachment after nsPEF. The greatest challenge is the replacement of media in electroporated cells, which are too fragile to be spun (that is why we use only media dilutions and avoid centrifugation in Section 2.2).
Here, we introduce a novel method of nsPEF exposure of adherent cells in electroporation cuvettes, which utilizes ITO-coated glass coverslips and is devoid of stressful cell handling. ITO is a biologically inert material which uniquely combines high electrical conductance with optical transparency. If cells grown on a "regular" glass coverslip are pulsed in a cuvette, the glass layer shields the cells from the E-field. However, the ITO layer cancels this protection, resulting in an efficient and uniform nsPEF exposure of cells over the entire coverslip surface. The method does not require detachment or reattachment of cells, and changes of media are accomplished simply by moving the coverslip into the new medium. NsPEF treatments of cells on ITO coverslips were highly efficient, requiring about 20-fold fewer pulses than for cells in suspension. Of note, cells grown on a wrong (non-ITO) surface of the coverslip were fully shielded and could not be damaged by any number of pulses.
Buffers for nsPEF exposure and post-exposure incubation of adherent cells
For nsPEF exposure, a 1-mm cuvette was filled with a buffer containing either 2 mM Ca 2+ or no added Ca 2+ . Both buffers contained (in mM) 136 NaCl, 5 KCl, 2 MgCl 2 , 10 HEPES, and 10 Glucose, and were supplemented with either 2 mM CaCl 2 or extra 3 mM NaCl, respectively. For post-exposure incubation and cell imaging, we either used the same buffers, or mixed them 7:3 with an isoosmotic sucrose solution ("no Ca 2+ + sucrose" and "2 Ca 2+ + sucrose"). For the latter buffer, the sucrose also contained 2 mM Ca 2+ to prevent Ca 2+ dilution. The presence of sucrose prevented the colloid-osmotic swelling and membrane rupture of nanoporated cells [14, 15] . In addition, the post-exposure incubation buffers contained 3 dyes, namely Hoechst (0.5 μg/ml), YO-PRO-1 ( 1 μM), and propidium (Pr) iodide (50 μg/ml). Cell-permeant Hoechst was used to label nuclei in all cells, whereas poorly permeant YO-PRO-1 and impermeant Pr served as markers of cell permeabilization. The buffers that were used during nsPEF exposure were always formulated without the dyes.
The osmolality of all buffers was at 290-310 mOsm/kg, as verified with a freezing point microosmometer (Advanced Instruments, Inc., Norwood, MA), and their pH was adjusted to 7.4. The chemicals and dyes were purchased from Sigma-Aldrich and from Life Technologies.
Experiment protocol and monitoring of permeabilization of adherent cells
Standard glass coverslips (#0 thickness, 8 mm diameter) were covered with ITO by Diamond Coatings (Halesowen, UK). For better cell adherence, the ITO surface was treated with poly-L-lysine. CHO or BPAE cells were seeded at 1-3 × 10 3 cells per coverslip and cultured overnight or longer in the respective growth media. Immediately prior to the experiment, a coverslip was briefly rinsed and placed in a glass-bottomed chamber (Warner Instruments, Hamden, CT) filled with a chosen incubation buffer. The chamber was mounted on an Olympus IX81 microscope equipped with an FV1000 confocal laser scanning system (Olympus America, Center Valley, PA). Several pre-exposure images of cells were taken, and then the coverslip was moved into a 1-mm gap electroporation cuvette filled with an exposure buffer. The cuvette was kept tilted, and the coverslip was laid flat on the bottom electrode (anode), with the glass surface facing down, and the ITO surface with cells facing up into the buffer, towards the cathode (Fig. 2A) . The coverslip was promptly exposed to 20 pulses of 300 ns duration, 600 V, 20 Hz from the AVTECH generator. Within the next 20-30 s, the coverslip was returned to the microscope chamber into the incubation buffer. The time lapse imaging began in 1-3 min after the exposure. In most experiments, we took one image every 30 s for 90 min.
The critical role of the ITO layer in the electroporation of adherent cells can be best appreciated from Hoechst, YO-PRO-1, and Pr were excited at 405, 488, and 543 nm, and the emission was collected at 430-470 nm, 505-525 nm, and 560-660 nm, respectively. The lasers were operated in a line sequence mode to avoid the "cross-talking" of the dyes. The sensitivity of the emission detectors was tuned towards better detection of low amounts of the dye uptake, so pixel saturation with a massive uptake was expected and acceptable. The detector sensitivity was chosen in preliminary experiments and then was kept constant throughout the study. The bright field images enhanced with the differential interference contrast (DIC) were acquired concurrently.
The image stacks were quantified with MetaMorph Advanced v. 7.7.10.0 (Molecular Devices, Foster City, CA). For each of 6 tested combinations of the exposure buffer and the incubation buffer, we performed 4-9 independent experiments and analyzed up to 800 individual cells per condition. Statistical analyses included the two-tailed t-test and 2 × 2 contingency table/Fisher's exact test when applicable.
Results and discussion
Effect of Ca
2+ on cell survival and caspase 3/7 activation U937 cells exposed to nsPEF in the no-Ca 2+ medium showed both the early (necrotic) and delayed cell loss ( Fig. 2A) , similar to the effects observed in the full growth medium [15] which contained FBS and . Somewhat higher survival in the previous study (~30% at 24 h) is consistent with the protective effect of FBS [34] .
The presence of the extracellular sucrose in the no Ca 2+ medium completely blocked the early necrosis, presumably by preventing the osmotic water uptake, cell swelling, and membrane rupture [15] . The rescued cells nonetheless died later by apoptosis ( [15] and Fig. 2B ), and the original idea for this study was to test if Ca 2+ toxicity was the reason for the apoptosis. However, the experiments showed exactly the opposite effect, namely a profound increase in the early cell death and the reduced activation of caspase 3/7 when Ca 2+ was added to the medium (Fig. 2, A,B) . Over 90% of cells were dead already at 1.5 h, so there were few cells left to enter the apoptosis even if this pathway was activated. Most surprisingly, sucrose rendered only a partial (albeit statistically significant) protection from the early necrosis in the presence of Ca 2+ . This incomplete protection could only be explained in two ways:
(a) Pores formed in the presence of 2 mM Ca 2+ are larger than those formed in the no Ca 2+ medium; they are permeable to sucrose, so the presence of sucrose does not inhibit the cell swelling and cannot prevent the membrane rupture, or (b) Ca 2+ causes early necrotic cell death by a different, osmotically-independent mechanism. The next experiments were aimed at the detailed analysis of the early pore dynamics as affected by Ca 2+ and by the inhibition of the osmotic swelling.
Cell permeabilization by nsPEF on ITO coverslips
For consistency, below we provide the data for BPAE cells, but most experiments were performed in CHO cells as well and produced essentially the same results.
Cells placed in the incubation buffer and imaged prior to nsPEF exposure expressed only Hoechst staining of the nuclei, but no YO-PRO-1 or Pr uptake (Fig. 3, A, C) . Next, cells were exposed to nsPEF The legends indicate the buffer compositions (exposure/incubation). Each group includes 500-800 cells from 4-9 independent experiments. The bar height is the fraction of cells that display a particular level of Pr emission (up to the saturation at 4000 a.u.). The first bar in each chart includes cells with largely preserved membrane integrity (without Pr uptake and with less than 400 a.u. uptake). Blue curves are the normal fits. All denoted statistical differences are significant by both the two-tailed t-test and Fisher's exact test. See text for further details.
Pr (Fig. 3A) . In a sheer contrast to this pattern, cells incubated with 2 mM Ca 2+ showed significantly less early uptake of both Yo-PRO-1 and Pr (Fig. 4) , followed by an abrupt Pr inflow and quenching of both Hoechst and YO-PRO-1 (Fig. 3C, F, G) . The likely mechanism of quenching was the Förster resonance energy transfer (FRET). Massive Pr uptake (at or close to the saturation level of the fluorescence detector) was accompanied by characteristic and irreversible changes in cell appearance as seen in the DIC channel (granulation, pyknosis, loss of DIC contrast and volume), and could be regarded as a sign of cell death.
By the end of a 90-min observation period after nsPEF, cell death occurrence was much higher in cells incubated with 2 mM Ca 2+ (Fig. 3B,   D ). The death occurred in a seemingly random fashion, with no clear dependence on the cell density or a specific location on the coverslip surface. In isolated experiments (not shown), we observed somewhat higher survival at the edge of the coverslip, which did not impact the findings reported in this paper. Of note, sham-exposed control samples showed no considerable Pr entry regardless of the external Ca 2+ level or the presence of sucrose (data not shown). Importantly, the Pr uptake and the short-term survival were determined by Ca 2+ presence in the post-exposure incubation buffer, and much less so by Ca 2+ in the exposure buffer (Fig. 5 , right panels).
Effects of Ca
When cells were exposed to nsPEF in the no Ca 2+ buffer and then incubated with 2 mM Ca 2+ , the Pr uptake and cell survival were similar to the effect of 2 mM Ca 2+ . Likewise, the incubation without Ca 2+ produced high survival levels and low Pr uptake even if the exposure was done with 2 mM Ca
2+
. Thus, Ca 2+ entry during and immediately after nsPEF exposure was less impactful than its entry during the subsequent incubation.
Ca 2+ inflicts the cell death by nanopore expansion
In electroporated cells, the osmotic water uptake and cell swelling can culminate in a sudden membrane rupture, similar to overinflating a rubber balloon [15, 33, 38] . Admittedly these studies did not explore if there was indeed a rupture, but this mechanism fits well with both the dependence on swelling and the abrupt onset of massive Pr entry.
In this study, we observed the abrupt and massive Pr entry when the buffer contained 2 mM Ca 2+ and swelling was presumably blocked by the sucrose (Fig. 3G ). This result suggested that pores formed with 2 mM of Ca 2+ could be large enough to admit sucrose and therefore it no longer rendered the protection from swelling. However, if the protection was actually rendered, the only alternative explanation would be that the prolonged Ca 2+ overload can culminate in the membrane rupture or abrupt opening of large pores even without osmotic swelling.
To discern between these two mechanisms, we monitored the size of necrotic blebs of the plasma membrane. In the presence of 2 mM Ca 2+ , these spherical, non-retractable blebs start forming and growing immediately after the nsPEF exposure. We found that the bleb growth rate typically is high at the beginning, then stabilizes and accelerates again simultaneously with Pr entry (Fig. 6A) .
When nsPEF-exposed cells are incubated in 2 mM Ca 2 + + sucrose buffer, the bleb formation is suppressed, which is consistent with the inhibition of swelling by the presence of sucrose [14] . However, new blebs start forming and enlarging when Pr enters the cell (Fig. 6B) . Likewise, blebs which promptly formed in the exposure buffer (2 mM Ca 2+ ) start deflating upon relocation of the coverslip into the imaging chamber with 2 mM Ca 2+ + sucrose (Fig. 6C,D) . This deflation is an unambiguous manifestation of cell shrinkage and proves that membrane nanopores formed with 2 mM Ca 2+ are not permeable to sucrose. Despite the blockage of osmotic swelling, these cells eventually experience the abrupt Pr uptake, and simultaneously the blebs switch from the deflation to inflation. The Pr molecule is larger than sucrose (about 1.5 nm vs. 1 nm [1, 14] ), and when pores become permeable to Pr, they became permeable to sucrose as well. Hence it comes as no surprise that sucrose cannot protect cells from swelling when many pores become permeable to Pr, and the loss of protection is manifested by restarting of the bleb growth.
The growth of blebs after the abrupt Pr entry (with or without sucrose) is an unmistakable sign that the cell membrane is not ruptured and retains only limited permeability to solutes. In contrast, a rupture of the membrane would have released the osmotic pressure, thereby eliminating the driving force for bleb growth. Thus the abrupt Pr entry is caused by pore enlargement (or perhaps formation of new pores large enough to admit Pr), but not by the membrane rupture.
Conclusions
Ca
2+ overload by nanoelectroporation profoundly facilitates the early cell death and has a dual effect on membrane pores. At first, Ca 2+ stabilizes the pores, reducing the entry of Yo-PRO-1 and reducing or abolishing the slow Pr uptake. This state is eventually replaced by an abrupt and massive Pr entry due to a sudden pore dilation, or perhaps due to a de novo opening of large, Pr-permeable pores. This effect is not driven by the water uptake and constitutes the final (execution) step of the osmotically-independent cell death mechanism that is caused by Ca 2+ overload in nsPEF-treated cells. This mechanism contrasts the osmotic swelling-mediated necrotic death when nanoporated cells are incubated with lower extracellular Ca 2+ .
